Examination of the metabolic status of rat air pouch inflammatory exudate by high field proton NMR spectroscopy  by Claxson, A. et al.
Examination of the metabolic status of rat air pouch in£ammatory
exudate by high ¢eld proton NMR spectroscopy
A. Claxson a, M. Grootveld a;*, C. Chander a, J. Earl a, P. Haycock b, M. Mantle b,
S.R. Williams b, C.J.L. Silwood a, D.R. Blake a
a Bone and Joint Research Unit, St. Bartholomew’s and the Royal London School of Medicine and Dentistry, London E1 2AD, UK
b Department of Chemistry, Queen Mary and West¢eld College, Mile End Road, London E1 4NS, UK
Received 6 January 1999; accepted 24 February 1999
Abstract
High field proton (1H) NMR spectroscopy was employed to investigate the metabolic status of rat air pouch inflammatory
exudates obtained subsequent to the induction of inflammation with carrageenan, and the 1H NMR profiles of these fluids
were compared and contrasted with those of inflammatory human synovial fluid, rat plasma and human serum. The
characteristic biochemical features obtained from 1H NMR analysis of these exudates consisted of (1) substantially elevated
levels of lactate (11.40 þ 1.46U1033 mol dm33 for samples collected at a time point of 24 h post induction) with little or no
NMR-detectable glucose, data consistent with a hypoxic environment and consequent anaerobic metabolism in the inflamed
air pouch, and (2) high levels of the ketone body 3-D-hydroxybutyrate, providing evidence for an increased utilization of fats
for energy by lymphocytes, the predominant leucocytes present in this environment. These phenomena represent a
pathological extreme of the abnormal metabolic status of inflammatory human synovial fluids. ß 1999 Elsevier Science
B.V. All rights reserved.
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1. Introduction
The rat air pouch is frequently utilized as a model
to mimic human joint synovium and permits evalua-
tions of both acute and chronic phases of an in£am-
matory response [1,2]. In numerous studies, carra-
geenan has been injected directly into air pouches
in order to enhance the in£ammatory response,
thereby allowing evaluation of the time-dependent
cellular in£ux and accumulation of exudate. Closely
associated with the appearance of in£ammatory me-
diators and cells is the development of a lining sur-
rounding the wall of the air pouch. It is suggested
that the air pouch lining possesses histological fea-
tures (e.g., presence of ¢broblasts, macrophages,
growth of new blood vessels and a collagen matrix)
similar in part to the synovium or pannus tissue in
in£amed human arthritic joints [3].
In view of these similarities to human synovium,
many investigations have been conducted using the
air pouch model to evaluate the process of cartilage
degradation. Firstly, these investigations demon-
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strated that development of a granulomatous tissue
surrounding implanted cartilage into air pouches en-
hanced cartilage degradation, a process measured by
the loss of glycosaminoglycans. Secondly, investiga-
tions have shown that accumulation of in£ammatory
exudate may a¡ord protection against cartilage dam-
age [4]. However, the biochemical constituents of in-
£ammatory exudate which exhibit this protective
property against loss of cartilage matrix proteins re-
main to be ascertained.
Dalho¡ et al. [5] determined the biochemical na-
ture of in£ammatory exudate from croton oil in-
duced granuloma pouches. Their assessment of exu-
date £uid compared to serum revealed (a) elevated
levels of lactate dehydrogenase, (b) diminished total
protein and total lipid concentrations, and (c) no
di¡erences in Cl3, Na, K, and Ca2 concentra-
tions. Although these studies focussed on other pa-
rameters of in£ammatory exudate including glucose,
cholesterol, triacylglycerol and phospholipid levels,
together with those of the enzymes glutamate-oxal-
acetate transaminase, glutamate-pyruvate transami-
nase and alkaline phosphatase, a detailed biochemi-
cal comparison of air pouch exudate with human
synovial £uid is warranted. The aim of the work
presented here is to compare carrageenan air pouch
exudate with human synovial £uid utilizing the tech-
nique of high ¢eld proton (1H) nuclear magnetic res-
onance (NMR) spectroscopy.
The application of high ¢eld NMR spectrometers
with increased sensitivity, resolution and dynamic
range has allowed the rapid and simultaneous deter-
mination of a wide range of components of endoge-
nous or, where appropriate, exogenous origin present
in biological samples. With respect to body £uids,
the technique is largely non-destructive since it has
little or no requirement for sample pretreatment. Pre-
vious high ¢eld NMR studies of human whole blood,
plasma, serum, and urine [6^9] have provided much
useful biochemical and clinical information regarding
the nature and concentrations of biomolecules
present. Indeed, we have previously employed high
¢eld NMR analysis to investigate the abnormal met-
abolic pro¢le of in£ammatory synovial £uids [10]
and assess reactive oxygen species (ROS)-mediated
oxidative damage to components therein [11]. The
broad overlapping resonances which arise from the
large number of macromolecules present are rou-
tinely suppressed by spin-echo pulse sequences [12]
resulting in spectra which contain many well-re-
solved, sharp signals attributable to a variety of
low-molecular-mass species together with the mobile
portions of macromolecules (typically s 20 metabo-
lites in blood plasma at an operating frequency of
400 MHz).
In this investigation we have utilized this technique
to assess the biochemical status of air pouch in£am-
matory exudate at two time points. The proton (1H)
NMR pro¢les of this £uid were compared and con-
trasted with those of rat plasma, normal and rheu-
matoid human plasma, and human in£ammatory
synovial £uid.
2. Materials and methods
2.1. Reagents
Authentic samples of 1H NMR-detectable metab-
olites were of the highest grade available and pur-
chased from Sigma (UK). Aqueous standard solu-
tions of each bio£uid component were prepared in
2.00U1032 mol dm33 phosphate bu¡er (pH 7.00)
subsequent to neutralization (where appropriate).
Sagatal (6.0% (w/v)) in a vehicle containing 20.0%
(v/v) propane-1,2-diol and 10.4% (v/v) of 96% (v/v)
ethanol was obtained from Rho“ne-Me¤rieux (UK).
2.2. Induction of air pouches
Male Wistar rats (180^200 g, n = 10 per group)
were initially anaesthetized with Sagatal (6^12 mg
kg31 ; i.p.) and the dorsal surface was shaved. 24 h
subsequent to shaving, 30 ml of air was injected sub-
cutaneously into the shaved dorsal region to form an
air cavity (day 0). 72 h later the pouch was re-in£ated
with 10 ml of air and ¢nally, on day 6 post induc-
tion, the pouches were injected with 1.0 ml of 1%
(w/v) sterile carrageenan (Viscarin 402, Marine Col-
loids, USA).
At 4, 6, 24, 48, and 120 h post administration the
animals were sedated and killed via i.p. administra-
tion of 0.8 ml of Sagatal (6% (w/v) pentobarbitone
sodium). Immediately thereafter, phosphate-bu¡ered
saline (4.0 ml) was injected into the air pouches and
the total £uid present was aspirated and kept on ice.
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The volume of £uid retrieved was measured, the sam-
ples centrifuged at 5000Ug for 20 min and the super-
natants obtained were stored at 370‡C for a maxi-
mum period of 48 h prior to lyophilization. The
lyophilized exudates were reconstituted in either
0.60, 1.00 or 2.00 ml of 2H2O for NMR analysis.
Tissue washouts obtained from control animals
were similarly treated but reconstituted in 0.60 ml
of 2H2O.
2.3. Collection and preparation of rat plasma, human
serum and in£ammatory synovial £uid
1 ml aliquots of whole blood were collected from
untreated healthy control rats (n = 6) via cardiac
puncture under anaesthesia immediately prior to sac-
ri¢ce by CO2 asphyxiation. These samples were im-
mediately centrifuged (2000Ug) and the plasma re-
moved and stored at 370‡C for a maximum duration
of 72 h prior to 1H NMR analysis.
Human synovial £uid samples were obtained for
analytical assessment from the knee joints of 24 am-
bulant patients with rheumatoid arthritis (ARA cri-
teria) and clinically detectable e¡usions. Immediately
after aspiration, samples were placed in plastic tubes
and transported to the laboratory in a light-protected
container, centrifuged at 2000Ug to remove cells and
debris and the supernatant removed and stored as
described above for rat plasma. Matched serum sam-
ples were obtained by allowing freshly drawn non-
heparinized blood (collected from each patient at the
same time points) to clot. These samples were also
centrifuged and stored as described above. Serum
samples from 11 consenting healthy male volunteers
(age range 28^62 years) were similarly collected, cen-
trifuged and stored.
2.4. NMR measurements
Proton (1H) NMR measurements on air pouch
in£ammatory exudates were conducted on a Bruker
WH 400 (University of London Intercollegiate Re-
search Services (ULIRS), Queen Mary and West¢eld
College facility, University of London, UK) spec-
trometer operating in quadrature detection mode at
an operating frequency of 400.13 MHz for 1H. All
spectra were recorded at a probe temperature of
298 þ 1 K. Typically, 0.60 ml of a 2H2O-reconstituted
sample was placed in a 5 mm diameter NMR tube.
Each spectrum acquired corresponds to 34^588 free
induction decays (FIDs), using 16 384 data points,
30^40‡ pulses and a 3 s pulse repetition rate, the
latter to allow full spin-lattice (T1) relaxation of the
protons in the samples investigated. Where appropri-
ate, 1H Hahn spin-echo spectra [13] were acquired
using a t value of 68 ms in the sequence D[90‡x-t-
180‡y-t-collect]. The water signal was suppressed by
presaturation with gated decoupling during the delay
between pulses. Single-pulse 1H NMR spectra of the
phosphate-bu¡ered saline washouts collected from
non-carrageenan-treated (control) animals were sim-
ilarly obtained.
Proton NMR spectra of rat plasma, human serum
and in£ammatory human synovial £uid were ac-
quired using a JEOL JNM-GXS 500 NMR spec-
trometer (ULIRS, Biomedical NMR Centre, Birk-
beck College, London, UK) operating at 500 MHz
in quadrature detection mode and a probe temper-
ature of 298 K. Typically, 0.60 ml of bio£uid was
placed in a 5 mm diameter NMR tube, and 0.07 ml
of 2H2O was added to provide a ¢eld-frequency lock.
Each spectrum corresponds to 128 FIDs, using
32 768 data points, 50^60‡ pulses and a 5 s pulse
repetition rate. Corresponding proton Hahn spin-
echo spectra were obtained using a t value of 60
ms in the above sequence. The intense water signal
was suppressed as described above.
Chemical shifts of resonances were referenced to
external, or, for the quantitative measurements de-
scribed below, ‘internal but isolated’ sodium 3-tri-
methylsilyl [2,2,3,3-2H4] propionate (TSP, N= 0.00
ppm). The methyl group resonances of alanine
(N= 1.487 ppm), lactate (N= 1.330 ppm) or valine
(N= 1.050 ppm) served as secondary internal referen-
ces. The identities of components responsible for the
resonances present in both single-pulse and Hahn
spin-echo 1H NMR spectra of samples were rou-
tinely assigned by a consideration of characteristic
chemical shift values, coupling patterns and coupling
constants. Where appropriate, standard additions of
authentic standards were made to the biological
£uids to con¢rm assignments.
For quantitative measurements, a sealed coaxial
tube containing either 1.00 or 1.51U1032 mol
dm33 standard solutions of TSP in 2H2O was in-
serted into 5 mm diameter NMR tubes containing
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measured volumes of in£ammatory exudate, typically
0.60 ml. NMR measurements on these samples were
conducted as described above. This procedure was
adopted to avoid broadening of the TSP resonance
which arises from its binding to exudate proteins or
alternative macromolecules. Metabolite concentra-
tions in the samples investigated were determined
by integration of their proton resonances and ex-
pressing their intensities relative to that of the TSP
standard. NMR measurements on individual stand-
ard solutions containing biologically relevant ranges
of metabolite concentrations were similarly con-
ducted with the inclusion of the appropriate coaxial
tube containing standard TSP solution. The inten-
sities of these resonances were also expressed relative
to the TSP standard and a series of standard curves
were generated.
Since the low-molecular-mass metabolite, and
‘acute-phase’ glycoprotein carbohydrate side chain
acetamido- and O-acetyl-CH3 group resonances de-
tectable in the 0.90^4.20 ppm regions of the single-
pulse 1H NMR spectra acquired on rat air pouch
in£ammatory exudate appeared to be partially ob-
scured by broad features ascribable to macromole-
cules (including signals arising from lipoprotein-asso-
ciated fatty acids), we employed a convolution
broadening technique to determine the in£uence of
such broad resonances on the intensities of those
selected for quanti¢cation purposes. In this tech-
nique, the free induction decay (FID) was multiplied
by a line-broadening function and the resulting
Fourier-transformed spectrum was subtracted from
the original experimental 1H NMR pro¢le. The
line-broadening value applied was 100 Hz. Data ob-
tained from these convolution broadening experi-
ments demonstrated a high level of agreement be-
tween the experimental signal intensities and those
of convolution-broadened di¡erence spectra (i.e.,
the broad macromolecule resonances present in ex-
perimental spectra were not found to signi¢cantly
in£uence the intensities of the sharp signals subjected
to electronic integration). Typical data are shown in
Table 1.
2.5. Statistical analysis
The exudate volumes measured at each time point
are expressed as means with associated standard er-
rors. Polynomial regression analysis of exudate vol-
ume on time was conducted to establish the nature of
this relationship and the signi¢cance of the partial
regression coe⁄cients (bi) in Eq. 1, where y = exudate
volume (ml), x = time (h) and yi = the y intercept val-
ue of this relationship.
y  yi  b1x b2x2 1
3. Results
3.1. Dependence of rat air pouch in£ammatory
exudate volume on post-induction time
Subsequent to the induction of in£ammation with
carrageenan, the in£ammatory exudate volume in-
creased with increasing time. Fig. 1a illustrates the
Table 1
Ratios of resonance intensity integrals to that of the TSP quantitative reference standard (N= 0.00 ppm) for selected signals detectable
in the 0.60^2.60 ppm regions of single-pulse 1H NMR spectra of rat air pouch in£ammatory exudate
Resonance (coupling pattern and chemical shift value Experimental
spectrum
Convolution-broadened
di¡erence spectrum
Terminal-CH3 group of lipoprotein-associated fatty acids (broad t, N= 0.87 ppm) 3.24 3.18
Propane-1,2-diol-CH3 (d, N= 1.15 ppm) 0.22 0.24
Lactate-CH3 (d, N= 1.33 ppm) 7.28 7.65
Alanine-CH3 (d, N= 1.48 ppm) 0.42 0.48
L-CH2 group (-CH2CH2CO-) of lipoprotein-associated fatty acids (broad m,
N= 1.71 ppm)
0.93 1.21
Acetate-CH3 (s, N= 1.92 ppm) 0.16 0.19
‘Acute-phase’ glycoprotein carbohydrate side chain residue acetamido-CH3
(NAG-1; broad s, N= 2.04 ppm)
2.18 2.30
Glutamate Q-CH2 (dt, N= 2.36 ppm) 0.74 0.75
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Fig. 1. (a) Accumulation of in£ammatory exudate in rat air pouches with time. Carrageenan ((1.0 ml of a 1% (w/v) solution in saline))
was injected directly into 6 day old air pouches (n = 10 per group) and at various time points 4.0 ml of phosphate-bu¡ered saline
(PBS) was injected directly into the air pouch. The content of the air pouch plus PBS was aspirated and the volume of exudate ob-
tained was calculated. (b) Plot of loge(1+y) (mean levels þ associated S.E.) versus time (h), where y = exudate volume (ml).
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magnitude of this increase (means þ associated stand-
ard errors, n = 10 for each time point group) at time
points ranging from 4 to 120 h post induction. In
view of the apparent curvilinear/polynomial depend-
ence of exudate volume on time, polynomial regres-
sion analysis of these data with [time] and [time]2
as predictor (independent) variables (Eq. 1) was
conducted. Although this analysis demonstrated
that the regression was highly signi¢cant (F = re-
gression mean square/‘about the regression’ mean
square = 78.54 with 2 and 47 degrees of freedom
for the higher and lower mean square values respec-
tively) with a multiple correlation coe⁄cient (R) of
0.88, only the [time]2 variable was found to signi¢-
cantly contribute to the regression, and hence the
relationship existing between in£ammatory exudate
volume and time is of the form y = aebt throughout
the 120 h time course of this experiment, where
y = exudate volume (ml), a and b are constants, and
t represents time (h). Indeed, further regression anal-
Fig. 2. (a) Partial 400 MHz single-pulse 1H NMR spectrum of rat air pouch in£ammatory exudate, and (b) partial 400 MHz 1H
Hahn spin-echo NMR spectrum of a separate in£ammatory exudate sample. (c,d) 500 MHz single-pulse and corresponding Hahn
spin-echo 1H NMR spectra, respectively, of in£ammatory synovial £uid obtained from a patient with rheumatoid arthritis. Typical
spectra are shown. A, acetate-CH3 ; AcAc, acetoacetate-CH3 ; Cit, citrate-CH2-; Gln1 and Gln2, glutamine L-CH2 and Q-CH2 group
resonances; K- and L-Glc, anomeric proton resonances of K- and L-glucose respectively; Glc, glucose sugar ring proton signals; Ala,
alanine-CH3 ; Bu, 3-D-hydroxybutyrate-CH3 ; Chol, choline-N

(CH3)3 ; Cn1 and Cn2, creatinine-N-CH3 and -CH2- respectively; Glu2
and Glu3, Q-CH2- and K-CH groups of glutamate respectively; Ile-CH3, isoleucine L-CH3 ; TMA, trimethylamine-CH3 ; Lac-CH3 and
-CH, lactate-CH3 and -CH groups respectively; Gly, glycine-CH2-; PD, propane-1,2-diol-CH3 ; Thr, threonine-CH3 ; Val, valine-CH3 ;
-N

(CH3)3, betaine and carnitine -N

(CH3)3 group resonances; NAG-I and -II, acetamido methyl group protons of terminal sialate/O-
acetylsialate and bulk chain N-acetylglucosamine sugar residues of the mobile polysaccharide side chains of rat ‘acute-phase’ glycopro-
teins; NAG-III, O-acetyl-CH3 groups of terminal O-acetylated sialate species present in the carbohydrate side chains of rat ‘acute-
phase’ glycoproteins; Alb-Lys, albumin lysyl O-CH2 resonances; LDL, HDL-N

(CH3)3, high-density lipoprotein (both spectra) and
low-density lipoprotein (single-pulse spectrum only) phospholipid choline head groups; Chyl, VLDL-TAG-CH3 and (-CH2-)n, termi-
nal-CH3 and bulk chain (-CH2-) group resonances of chylomicron- and very-low-density lipoprotein-associated triacylglycerols ; US, vi-
nylic (-CH = CH-) protons of unsaturated triacylglycerol species; TSP, 3-trimethylsilyl[2,2,3,3-2H4]propionate (quantitative 1H NMR
standard) -Si(CH3)3.
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ysis con¢rmed that the experimental data acquired
were adequately represented by this equation
(R2 = 0.9684) with a = 0.687 and b = 2.30U1032.
Additionally, the transformation yP= loge(1+y)
was applied to these experimental data and the equa-
tion yP= aP+bPt, where aP= loge(1+a), was plotted
(Fig. 1b). This transformation is particularly appro-
priate since a plot of the yi residuals (the algebraic
di¡erence between the observed in£ammatory exu-
date volumes and those obtained by substitution in
the ¢tted polynomial regression equation) versus the
value predicted from Eq. 1 demonstrated that the
‘scatter’ of these residuals markedly increase at the
later (48 and 120 h) time points. Moreover, it allows
the inclusion of exudate volumes of zero in the mod-
el. As predicted, the transformation employed gave
rise to a linear relationship between yP and t (corre-
lation coe⁄cient, r = 0.9982) and polynomial regres-
sion analysis of these transformed data demonstrated
that yP was markedly dependent on the linear time
component (p6 0.02) and not a quadratic ([time]2)
one. A plot of the corresponding yi residuals versus
the value predicted from the ¢tted regression equa-
tion showed that errors were homogeneous through-
out the entire range of post-induction times. From
the above analysis, estimates of the constants aP
(loge(1+a)) and bP in the relation yP= aP+bPt are
0.402 þ 0.119 and 1.580 þ 0.277U1032 (mean þ 95%
con¢dence intervals) respectively.
3.2. 1H NMR pro¢le of rat air pouch in£ammatory
exudate
1H NMR analysis of rat air pouch in£ammatory
exudate provided a detailed biochemical pro¢le con-
sisting of a wide range of components therein. In-
deed, signals arising from the metabolites acetate,
alanine, choline, creatinine, formate, glucose, gluta-
mate, glycine, 3-D-hydroxybutyrate, threonine and
valine were all readily detectable in both single-pulse
and Hahn spin-echo spectra, together with those at-
tributable to lipoprotein-associated triacylglycerols/
Table 2
Concentrations of NMR-detectable metabolites in rat air pouch in£ammatory exudates (obtained 24 h post induction with carra-
geenan) and control rat tissue washouts
Metabolite (1H signal
employed for quanti¢cation in
single-pulse spectrum)
24 h in£ammatory exudate (103U
mean concentration (mol dm33)
þ associated S.E.) (n = 7)
Tissue washout (103Umean
concentration (mol dm33)
þ associated S.E.) (n = 4)
Reference normal
human plasma values
(103Umol dm33)a
Lactate (d, 1.33 ppm) 11.40 þ 1.46 0.23 þ 0.05 1.82
Alanine (d, 1.48 ppm) 0.65 þ 0.06 0.03 þ 0.004 0.37
Acetate (s, 1.92 ppm) 0.42 þ 0.04 0.055 þ 0.015 0.06
NAG-I (s, 2.04 ppm) 3.00 þ 0.44 Und. NR
NAG-III (s, 2.14 ppm) 0.95 þ 0.14 Und. ND
Glutamate (m, 2.36 ppm) 1.28 þ 0.13 Und. 0.48
Creatinine (s, 3.05 ppm) 0.12 þ 0.02 0.007 þ 0.002 0.05^0.09
Choline (s, 3.21 ppm) 0.04 þ 0.01 0.01 þ 0.002 NR
Glycine (s, 3.54 ppm) 0.17 þ 0.05 0.04 þ 0.009 0.24
K-Glucose (d, 5.25 ppm) 0.05 þ 0.03 0.10 þ 0.01 1.05^1.56b
Valine (d, 1.05 ppm) 0.19 þ 0.01 0.01 þ 0.001 0.23
3-D-Hydroxybutyrate (d, 1.20 ppm) 0.16 þ 0.10 0.004 þ 0.002 NR
Threonine (d, 1.32 ppm) 0.29 þ 0.04 0.01 þ 0.005 0.15
Formate (s, 8.46 ppm) 0.004 þ 0.004 0.02 þ 0.01 NR
Propane-1,2-diol (d, 1.15 ppm) 0.82 þ 0.16 0.12 þ 0.03 NR
ND, not detectable by 1H NMR spectroscopy in human plasma; NR, no reference values; n = number of samples investigated; Und.,
undetectable; s, singlet; d, doublet; m, multiplet ; NAG-I, N-acetyl resonances of N-acetylglucosamine/N-acetylneuranimate and higher
acetylated sugar residues (e.g., N,O-diacetylneuraminates) of the mobile polysaccharide side chains of ‘acute-phase’ glycoproteins (val-
ues given are for total glycoprotein N-acetyl equivalents); NAG-III, O-acetyl resonances of O-acetylsialate sugar units present in the
carbohydrate side chain of ‘acute-phase’ glycoproteins (values given are for total glycoprotein O-acetyl equivalents). aReference plasma
values were obtained from [19] and [20]; bK-glucose concentration was calculated from reference fasting plasma levels of 3.5^
5.2U1033 mol dm33 assuming the normal ratio of 30:70 for the K- and L-anomers.
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cholesterol esters and the highly mobile (in NMR
terms) carbohydrate side chains of ‘acute-phase’ gly-
coproteins (Fig. 2a,b). Application of the Hahn spin-
echo technique gave spectra in which only resonances
attributable to the low-molecular-mass components
and the mobile portions of macromolecules (i.e.,
those from protons with long T2 values) are present.
However, concentrations of endogenous metabolites
were obtained by integrating appropriate resonances
in single-pulse 1H spectra since the minimal broad
protein envelope present (re£ecting low concentra-
tions of in£ammatory exudate proteins when ex-
pressed relative to those of matched rat plasma [5])
was not found to interfere with these quantitative
measurements (Table 1). Table 2 gives the mean val-
ues and associated standard errors of metabolite con-
centrations of in£ammatory exudate samples (n = 7)
collected at a time point of 24 h subsequent to the
induction of in£ammation with carrageenan. Citrate
was detectable in only one of the samples investi-
gated. Single-pulse and corresponding 1H Hahn
spin-echo spectra of a typical synovial £uid sample
obtained from a human subject with rheumatoid ar-
thritis are exhibited in Fig. 2c,d for purposes of com-
parison.
The 1H NMR pro¢le of rat air pouch in£amma-
tory exudate resembles that of synovial £uid ob-
tained from humans with in£ammatory joint diseases
in that it has high lactate (s 1.0U1032 mol dm33)
and diminished glucose levels (the latter measured as
Fig. 3. Partial 400 MHz single-pulse 1H NMR spectrum of control rat air pouch tissue washout. A typical spectrum is shown. Abbre-
viations as in Fig. 2.
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its K-anomer which is assumed to represent 30% of
the total glucose concentration). However, although
certain in£ammatory human synovial £uid samples
contain little or no 1H NMR-detectable glucose
[10] (re£ecting a hypoglycaemic environment in the
in£amed joint), the mean in£ammatory exudate glu-
cose level observed here (1.67 þ 1.00U1034) is sub-
stantially lower than that of typical in£ammatory
human synovial £uids, a phenomenon which is read-
ily apparent from the spectra shown in Fig. 2.
As previously noted for matched samples of in-
£ammatory synovial £uid and serum [10], the lipo-
protein-associated triacylglycerol/cholesterol ester
terminal-CH3 and bulk chain (-CH2-)n group reso-
nances located at 0.87 and 1.23 ppm respectively in
single-pulse 1H spectra of in£ammatory exudate
(predominantly attributable to chylomicron and
very-low-density-lipoprotein (VLDL)-associated tria-
cylglycerols under these conditions) are of a much
diminished intensity relative to those present in cor-
responding samples of rat plasma (e.g., Fig. 4), an
observation that may re£ect a limited penetration of
these lipoproteins from developing capillaries. How-
ever, these data are also explicable by an increased
utilization of lipids as a source of energy in the in-
£amed air pouch, a postulate concordant with the
knowledge that ketone body-synthesizing lympho-
cytes are the predominant leucocytes present in this
environment [5]. Indeed, Hahn spin-echo 1H NMR
spectra acquired on in£ammatory air pouch exudate
specimens (Fig. 2b) revealed that the triacylglycerol
chain (-CH2-)n :terminal-CH3 resonance intensity ra-
tio was substantially diminished when expressed rel-
ative to that of all rat plasma samples investigated
here, an observation also consistent with an in-
creased utilization of fatty acids as a fuel source.
Moreover, the NMR-detectable ketone body 3-D-hy-
droxybutyrate (a stable product derived from the en-
zymic reduction of acetoacetate) is present at a mean
( þ S.E.) level of 1.60 ( þ 1.00)U1034 mol dm33 in
this bio£uid.
A doublet resonance arising from the -CH3 group
of propane-1,2-diol (a component of the vehicle em-
ployed for the administration of the Sagatal anaes-
thetic) was present in all in£ammatory exudate spec-
tra. Interestingly, this alcohol occurs naturally in the
animal organism [13], is metabolized to lactate and
further adducts which enter the acetate and formate
metabolic pathways. However, in view of its rela-
tively low concentration in the 24 h exudate samples
(8.2 þ 1.6U1034 mol dm33), it is unlikely to contrib-
ute signi¢cantly to the elevated lactate levels ob-
served here. Similarly, ethanol, which is also derived
from the Sagatal vehicle, was detectable in spectra of
three of the 24 h in£ammatory exudate samples in-
vestigated.
Table 3
Concentrations of NMR-detectable metabolites in rat air pouch in£ammatory exudate samples obtained 4 h post induction with carra-
geenan
Metabolite (1H signal employed for quanti¢cation in
single-pulse spectrum)
4 h in£ammatory exudate (103Umean concentration
(mol dm33) þ associated S.E.) (n = 5)
Lactate (d, 1.33 ppm) 11.04 þ 2.58
Alanine (d, 1.48 ppm) 0.38 þ 0.14
Acetate (s, 1.92 ppm) 0.30 þ 0.04
NAG-1 (s, 2.04 ppm) 0.44 þ 0.08
NAG-III (s, 2.14 ppm) 0.44 þ 0.04
Glutamate (dt, 2.36 ppm) 0.43 þ 0.32
Creatinine (s, 3.05 ppm) 0.10 þ 0.05
Choline (s, 3.21 ppm) 0.10 þ 0.02
Glycine (s, 3.54 ppm) 0.06 þ 0.02
K-Glucose (d, 5.25 ppm) 0.03 þ 0.02
Valine (d, 1.05 ppm) 0.08 þ 0.02
3-D-hydroxybutyrate (d, 1.20 ppm) 0.09 þ 0.09
Threonine (d, 1.32 ppm) 0.08 þ 0.01
Formate (s, 8.46 ppm) 0.005 þ 0.005
Propane-1,2-diol (d, 1.15 ppm) 1.37 þ 0.20
Abbreviations as in Table 2.
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The concentrations of all these 1H NMR-detect-
able components were also measured in the 4 h in-
£ammatory exudate samples (n = 5) in order to allow
an evaluation of the time dependence of the meta-
bolic pro¢le. Table 3 gives the mean values of me-
tabolite levels with their associated standard errors
for the samples collected 4 h post induction with
carrageenan. Although the lactate, acetate, creati-
nine, choline and 3-D-hydroxybutyrate concentra-
tions in these 4 h £uids are similar to those of the
24 h samples, levels of the amino acids alanine, glu-
tamate, glycine, valine and threonine, together with
those of glycoprotein N-acetyl and N,O-diacetyl sug-
ars [14] are signi¢cantly lower. These di¡erences are
conceivably attributable to a time-dependent modi¢-
cation in leakage from newly developing capillaries,
cell lysis in the air pouch and/or an increased rate of
protein synthesis at the later time point. However, it
should also be noted that the ‘between animal’ var-
iation in the concentrations of lactate, alanine, glu-
tamate, valine and 3-D-hydroxybutyrate was rela-
tively high in these 4 h in£ammatory exudate
samples. The mean concentration of propane-1,2-
diol is substantially higher in the 4 h samples than
those obtained 24 h post induction, consistent with
its metabolic transformation with increasing time.
Also notable was a relatively intense broad reso-
nance located at 7.62 ppm (vv1=2 = 7.2 Hz) which was
present in single-pulse spectra of one of the 4 h and
two of the 24 h exudate samples. Although the spe-
cies responsible for this signal is unknown, it may be
attributable to an amide -NH-CO- group proton,
and further experiments to establish its identity are
in progress.
After making allowances for volume changes aris-
ing from lyophilization and reconstitution in 2H2O,
the very broad underlying protein/alternative macro-
molecule resonances present in single-pulse spectra of
in£ammatory rat air pouch exudates were reprodu-
cibly low in intensity relative to those present in cor-
responding spectra of in£ammatory human synovial
£uid (Fig. 2), indicating that the protein content of
the former £uid is lower than that of the latter, an
observation consistent with previously reported bio-
chemical investigations [5] in which the total protein
content of this £uid was found to be 36.9 þ 2.5 g
dm33. However, this protein concentration satis¢es
criteria for its classi¢cation as an exudate. Of partic-
Fig. 4. Typical 500 MHz single-pulse 1H NMR spectra of (a) rat plasma and (b) human serum obtained from a patient with rheuma-
toid arthritis. Abbreviations as in Fig. 2, with LDL, HDL-TAG-CH3 terminal-CH3 group resonances of low-density lipoprotein- and
high-density lipoprotein-associated triacylglycerols respectively.
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ular interest are three relatively broad acetyl-CH3
group resonances located at 2.04, 2.08 and 2.14
ppm (vv1=2 = 7.8, 11.6 and 8.3 Hz respectively) in
both single-pulse and Hahn spin-echo 1H spectra of
rat air pouch in£ammatory exudate. These signals
are attributable to the molecularly mobile carbohy-
drate side chains associated with ‘acute-phase’ glyco-
proteins (the 2.04 and 2.08 ppm signals arise from
the acetamido methyl group protons (-NHCOCH3)
of terminal N-acetylneuraminate and N,O-diacetyl-
neuraminate sugars, together with those of bulk
chain N-acetylglucosamine residues, whilst that lo-
cated at 2.14 ppm is attributable to the O-acetyl
methyl group protons of terminal N,O-diacetylneur-
aminate species (predominantly N-acetyl-9-mono-O-
acetylneuraminate)) [14]. A high correlation between
the intensities of the 2.04 ppm and 2.14 ppm reso-
nances was observed (r = 0.94, 0.01s ps 0.001), in-
dicating that both signals arise from the same ‘acute-
phase’ glycoprotein (presumably K1-acid glycopro-
tein, the carbohydrate side chain N-acetyl sugars of
which are predominantly responsible for the 2.04 and
2.08 ppm acetamido methyl group resonances ob-
served in high ¢eld 1H NMR spectra of human plas-
ma and in£ammatory synovial £uid).
High ¢eld 1H NMR analysis of the phosphate-
bu¡ered saline washout obtained from untreated
(control) animals (Fig. 3) provided reference tissue-
derived metabolite levels for the in£ammatory
exudate metabolic study (Table 2). These levels com-
prise those resulting from the passage of 4.0 ml of
saline through localized control air pouch tissue and,
with the exception of K-glucose and formate, are ex-
tremely low relative to those of in£ammatory exu-
date. Hence, it appears that in this model, in£amma-
tory exudate K-glucose and formate are primarily
derived from adjacent tissue. As expected, resonances
ascribable to the mobile carbohydrate side chains of
‘acute-phase’ glycoproteins were absent from the sal-
ine washout spectra.
The concentration of Sagatal vehicle-derived pro-
pane-1,2-diol in these saline washouts was
1.24 þ 0.27U1034 mol dm33 (mean þ S.E., n = 4).
3.3. High ¢eld NMR analysis of rat plasma
Single-pulse and corresponding Hahn spin-echo
1H NMR spectra of healthy rat plasma samples
(n = 8) were obtained to allow detailed comparisons
with those of the air pouch in£ammatory exudates.
Fig. 4 exhibits a typical 500 MHz single-pulse 1H
NMR spectrum of rat plasma together with that of
a human serum sample collected from a patient with
rheumatoid arthritis. As expected, spectra acquired
on the rat plasma samples collected contain intense
glucose and diminished lactate resonances (when ex-
pressed relative to those present in corresponding
spectra of in£ammatory exudates), re£ecting mean
( þ S.E.) concentrations of 5.98 ( þ 0.08) (combined
K- and L-anomer levels) and 1.31 ( þ 0.10)U1033
mol dm33 respectively. Moreover, the highly intense
lipoprotein-associated triacylglycerol terminal-CH3
and bulk chain (-CH2-)n resonances is a further fea-
ture which distinguishes rat plasma spectra from
those of the in£ammatory exudate (Fig. 2).
4. Discussion
The increase in exudate volume with time follow-
ing induction of in£ammation in the rat air pouch
with carrageenan is described by the exponential
function y = aebx, where y = exudate volume (ml),
x = post-induction time (h) and the constant
b = 2.30U1032. Modi¢cations in the regression pa-
rameters of this equation (speci¢cally b) mediated
by the prior administration of therapeutic agents
are likely to provide useful information regarding
their anti-in£ammatory activity and hence present a
potentially novel method for drug screening.
The 1H NMR pro¢le of rat air pouch in£amma-
tory exudate consists of extremely high lactate levels
(11.40 þ 1.46U1033 mol dm33) with very little or no
NMR-detectable glucose, biochemical data which in-
dicate that the in£amed air pouch is a hypoxic envi-
ronment in which anaerobic glycolysis is expected to
occur. Anaerobic glycolysis is a redox process which
involves the oxidation of NADH2 by glucose-derived
pyruvate under conditions where there is a limited
supply of oxygen (O2), the pyruvate being reduced
to lactate. However, Dunham et al. [15] have previ-
ously investigated the apparent paradox of aerobic
glycolysis in bone and cartilage, and have suggested
that where fatty acid oxidation is su⁄cient to supply
all the acetyl-coenzyme A required by the Kreb’s
cycle, that arising from this pathway may block the
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actions of pyruvate dehydrogenase and hence cause
pyruvate accumulation which must then be reduced
to lactate in order to maintain pentose-shunt activity.
Also notable is the presence of the acetoacetate-
derived metabolite 3-D-hydroxybutyrate in the in-
£ammatory exudate, the source of which is likely
to be the ketogenesis pathway present in lympho-
cytes (resting) [16] which have been found to account
for s 60% of the total leucocyte count of the gran-
uloma air pouch induced in rats [5]. Indeed, the high
rate of acetoacetate production in lymphocytes is
derived from their utilization of long-chain fatty
acids for fuel, a phenomenon consistent with the re-
ported high endogenous rate of O2 consumption by
these leucocytes [16]. Moreover, 50^70% of pyruvate
metabolized via the pyruvate dehydrogenase system
in these cells gives rise to acetoacetate, 3-D-hydroxy-
butyrate, acetate and citrate, an observation con-
cordant with conditions in which there is an extreme
dependence on fatty acids as a source of energy, as
would be expected in the in£ammatory air pouch
where the glucose supply in the exudate is markedly
limited. Our previous non-invasive 1H NMR inves-
tigations of metabolism in intact lymphocytes have
con¢rmed the generation of ketone bodies by these
cells [17]. However, a further source of the 3-D-hy-
droxybutyrate detectable is leaking capillaries in view
of the knowledge that the mean ketone body concen-
tration of blood plasma obtained from unfasted,
healthy rats is 2.2U1034 mol dm33 [18].
Histological examination of the rat in£ammatory
air pouch lining has revealed the presence of variable
amounts of adipose tissue [3] which, of course, has
the capacity to release free long-chain fatty acids,
and Dalho¡ et al. [5] found that the levels of such
non-esteri¢ed fatty acids in the granuloma air pouch
in£ammatory exudate of rats were signi¢cantly ele-
vated over those of corresponding blood serum speci-
mens. However, if present in the in£ammatory exu-
date examined here, these species will be pre-
dominantly bound to albumin (the major protein
component of this bio£uid, mean concentration
15.7 g dm33 [5]). Moreover, any 1H NMR signals
arising from such free fatty acids will be obscured
by the more intense and broader lipoprotein-associ-
ated triacylglycerol resonances.
Although 1H NMR analysis of in£ammatory hu-
man knee joint synovial £uids also provides evidence
for localized hypoxia, the lactate concentrations are
generally lower than those of the in£ammatory exu-
date investigated here, and in£ammatory human
knee joint synovial £uid glucose levels are on average
only approx. 20% less than those of matched serum
samples. Interestingly, these synovial £uids also con-
tain elevated concentrations of ketone bodies [10],
data consistent with the consumption of localized
fatty acids for purposes of energy utilization.
The above observations indicate that the abnormal
metabolic status of rat air pouch in£ammatory exu-
date represents a pathological extreme of that char-
acteristic of synovial £uids obtained from patients
with in£ammatory joint diseases.
The results obtained in this investigation are of
further clinical interest in view of the powerful ability
of rat air pouch in£ammatory exudate to inhibit the
degradation of cartilage (monitored by glycosamino-
glycan release) [4], a phenomenon that may arise
from the biochemical actions of O-acetylsialate-rich
‘acute-phase’ glycoproteins therein. Additional ex-
periments to investigate this are currently underway
in our laboratory.
The major advantages of high ¢eld NMR analysis
of biological £uids, as compared to previously estab-
lished techniques, is that it generally requires no
knowledge of sample composition prior to analysis
and allows the rapid assessment of the nature and
levels of a very wide range of endogenous (and,
where appropriate, exogenous) components simulta-
neously. In principle, high ¢eld NMR analysis of rat
air pouch in£ammatory exudate and corresponding
plasma samples may be usefully employed to assess
the therapeutic activity of novel anti-in£ammatory
drugs at the molecular level, and experiments to as-
sess the ability of such agents to in£uence the meta-
bolic status of bio£uids in this animal model system
are currently in progress.
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